Group II chaperonins are essential mediators of cellular protein folding in eukaryotes and archaea. These oligomeric protein machines, 1 megadalton, consist of two back-to-back rings encompassing a central cavity that accommodates polypeptide substrates 1-3 . Chaperonin-mediated protein folding is critically dependent on the closure of a built-in lid 4,5 , which is triggered by ATP hydrolysis 6 . The structural rearrangements and molecular events leading to lid closure are still unknown. Here we report four single particle cryo-electron microscopy (cryo-EM) structures of Mm-cpn, an archaeal group II chaperonin 5,7 , in the nucleotide-free (open) and nucleotide-induced (closed) states. The 4.3 Å resolution of the closed conformation allowed building of the first ever atomic model directly from the single particle cryo-EM density map, in which we were able to visualize the nucleotide and more than 70% of the side chains. The model of the open conformation was obtained by using the deformable elastic network modelling with the 8 Å resolution open-state cryo-EM density restraints.
Group II chaperonins are essential mediators of cellular protein folding in eukaryotes and archaea. These oligomeric protein machines, 1 megadalton, consist of two back-to-back rings encompassing a central cavity that accommodates polypeptide substrates [1] [2] [3] . Chaperonin-mediated protein folding is critically dependent on the closure of a built-in lid 4, 5 , which is triggered by ATP hydrolysis 6 . The structural rearrangements and molecular events leading to lid closure are still unknown. Here we report four single particle cryo-electron microscopy (cryo-EM) structures of Mm-cpn, an archaeal group II chaperonin 5, 7 , in the nucleotide-free (open) and nucleotide-induced (closed) states. The 4.3 Å resolution of the closed conformation allowed building of the first ever atomic model directly from the single particle cryo-EM density map, in which we were able to visualize the nucleotide and more than 70% of the side chains. The model of the open conformation was obtained by using the deformable elastic network modelling with the 8 Å resolution open-state cryo-EM density restraints.
Together, the open and closed structures show how local conformational changes triggered by ATP hydrolysis lead to an alteration of intersubunit contacts within and across the rings, ultimately causing a rocking motion that closes the ring. Our analyses show that there is an intricate and unforeseen set of interactions controlling allosteric communication and inter-ring signalling, driving the conformational cycle of group II chaperonins. Beyond this, we anticipate that our methodology of combining single particle cryo-EM and computational modelling will become a powerful tool in the determination of atomic details involved in the dynamic processes of macromolecular machines in solution.
Chaperone-mediated protein folding is critical for the survival and proper function of cells 8 . Impairment of this process has been implicated in a variety of diseases including neurodegeneration, heart disease and cancer 9 . The eukaryotic hetero-oligomeric chaperonin TRiC (also known as CCT) belongs to a unique class of molecular chaperones that assist the folding of an essential subset of cellular proteins with complex topologies, including many cell cycle regulators and cytoskeletal proteins 10 . Recent work suggests that the eukaryotic chaperonin is a potent inhibitor of huntingtin aggregation and toxicity 11, 12 .
Chaperonins consist of two back-to-back rings with a total of 14-18 subunits. Each subunit is composed of three domains: an equatorial domain that binds ATP and provides inter-ring contacts, an apical domain that binds the substrate, and an intermediate hinge domain 4, 13 . All chaperonins use ATP hydrolysis to drive a conformational cycle that encapsulates folding substrates within a central chamber 14, 15 . On the basis of the mechanism of encapsulation, chaperonins can be separated into two related, but distinct groups. Group I chaperonins, mostly found in bacteria and endosymbiotic organelles (such as GroEL), have a co-factor (GroES) serving as a detachable lid that binds the apical domains and closes the chamber. Group II chaperonins, found in archaea and eukaryotes, have a built-in lid segment protruding from each apical domain. The molecular mechanism of lid closure in group II chaperonins is virtually unknown, owing in large measure to the lack of high resolution structures for the different states in the conformational cycle.
Here we derive the structures of a group II chaperonin in both open (nucleotide-free) and closed (ATP-induced) states, at unprecedented resolutions by single particle cryo-EM and computational modelling. Our analysis shows that in group II chaperonins the key structural rearrangements leading from the open to closed state are completely different from those found in group I chaperonins, despite structural similarities between the groups.
The 16-subunit homo-oligomeric chaperonin from the mesophilic archaea Methanococcus maripaludis (Mm-cpn) provides a simple and tractable model for understanding group II chaperonins 5, 7, 16 . Mm-cpn folds proteins in an ATP-dependent manner, and shares the allosteric regulation properties of eukaryotic chaperonins such as TRiC 5, 7 . A variant of Mm-cpn lacking the built-in lid (here termed 'lidless Mm-cpn') can still bind unfolded polypeptides and hydrolyse ATP, but is unable to mediate folding of a stringent substrate 5 . Because the structural analysis of the nucleotide-free state was dominated by end-on views of the wild-type particles on an electron microscope grid, probably owing to the exposed hydrophobic interior of the open lid, we used lidless Mm-cpn (which has random orientations on the electron microscope grid) for the cryo-EM structural investigation of the poorly understood open state of group II chaperonins.
Two-dimensional averages of cryo-EM images of wild-type and lidless Mm-cpn show that they transition uniformly from an open, nucleotide-free state to a closed conformation after incubation with ATP-AlF x ( Supplementary Fig. 1 ). These observations contrast with previous findings 17 , and suggest that ATP hydrolysis may yield a defined three-dimensional conformation of Mm-cpn, as observed in the eukaryotic chaperonin TRiC 6,15 , thus making high resolution structural determination tractable. Figure 1a shows the 4.3 and 4.8 Å resolution reconstructions of the wild-type and lidless Mm-cpn, respectively, in the ATP-induced closed state ( Supplementary Fig. 2e ). Both wild-type and lidless Mm-cpn achieved essentially the same closed structure (Fig. 1a ).
The resolution of the wild-type closed-state map is sufficient to permit unambiguous segmentation of the density of each subunit (Supplementary Movie 1), as well as the modelling of the Mm-cpn subunits from residues 1 to 532 ( Fig. 1b and Supplementary Movie 2). The a-helix pitch and b-strand separation are clearly visible in the density map, as expected at this resolution 18 ( Supplementary Fig. 3 ). Notably, more than 70% of side-chain densities are visible in the map, with more than one-quarter (143 out of 532) fully visible ( Fig. 1c , Supplementary Fig. 4 and Supplementary Movie 3). These features allowed for the construction of, to our knowledge, the first atomic model built directly from the cryo-EM density without the aid of a crystal-a feat not yet carried out in previous near-atomic resolution single particle cryo-EM studies [19] [20] [21] [22] . Furthermore, density probably representing nucleotide in the ATP-binding pocket is also seen in close contact with a-helices A, B, D, F, L and the end of the 'stem-loop' 4 ( Fig. 1d ).
In the absence of nucleotide, both chaperonin variants were uniformly open ( Fig. 2a and Supplementary Fig. 1 ). An 8-Å resolution map of Mm-cpn open state was reconstructed from images of nucleotide-free lidless Mm-cpn. The resolution of this open-state map is probably limited by the structural flexibility of the chaperonin (Supplementary Movie 4). The flexibility seems highest in the apical domain, as illustrated in the lidless Mm-cpn map, in which the a-helices are well resolved in the equatorial domain ( Fig. 2b ) but less resolved in the apical and intermediate domains. This resonates with the structural analysis of group I chaperonins, as the apical domain residues in GroEL crystals have higher B-factors 23 , and may reflect the dynamic nature of the substrate-binding sites. In the wild-type Mmcpn, the open lid tends to cause the chaperonins to orient preferentially with mostly end-on views, accounting for anisotropic sampling of the data, and thus a lower resolution reconstruction of 10 Å ( Supplementary Fig. 2e ) as shown in another study 24 .
As in the closed state, the maps of the lidless and wild-type openstate Mm-cpn are very similar ( Fig. 2a Given that wild-type and lidless Mm-cpn subunits essentially adopt the same structures for both the open and closed states, we used the models built from the highest resolution maps of the open and closed Mm-cpn states to gain insight into key structural changes accompanying ATP hydrolysis in group II chaperonins. Our analysis shows that the intra-and inter-ring interactions change markedly between the open and closed states.
In the closed state, adjacent subunits within a ring engage in extensive interactions throughout all three domains ( Fig. 3a, right ). In contrast, neighbouring subunits in the open state are connected primarily through interactions in the equatorial domain ( Fig. 3a, left) . This may account for the higher flexibility, and lower resolution, of the apical domains in the open state. One of the invariant intra-ring contacts observed in both open and closed states is between Asp 45 and Arg 511 in the adjacent subunits (Supplementary Movie 5). An overlap of these models shows that every subunit within one ring rotates ,40u around this interface during the conformational transition from open to closed state, suggesting that the Asp 45 and Arg 511 residue pair serves as a hinge for intra-ring motion (Fig. 3a, b and Supplementary Movie 5).
Another important component of intra-ring communication is a b-sheet formed between the stem-loop of one subunit and the amino-and carboxy-terminal segments of the neighbouring subunit ( Fig. 3b ). Of note, our ability to visualize almost the entire N and C termini (except for the last 11 residues) in the closed state to a level of detail not observed in any previous chaperonin structures 4, 13, 26, 27 uncovered a marked movement of these structural elements during the conformational change of group II chaperonins. In the open state, this b-sheet is tilted upwards, with the visible portions of the flexible N and C termini pointing towards the central chamber of Mm-cpn ( Fig. 3a, b , left panels and Supplementary Movie 5). In contrast, these residues are pushed downwards and retracted from the chamber in the closed state ( Fig. 3a, b , right panels and Supplementary Movie 5). As a result, the N and C termini become more rigid in the closed state, allowing for visualization and modelling of the complete N terminus and nearly all of the C terminus (up to Gly 532; Fig. 3a , b, right panel).
This structural rearrangement of the termini is supported by differential protease sensitivity observed for the C terminus of lidless Mm-cpn in the open and closed states ( Fig. 3c and Supplementary  Fig. 6 ). The N terminus is cleaved at Tyr 15 in both open and closed states, consistent with our models, which predict Tyr 15 to be at the N-terminal b-strand that is further away from the stem-loop (Fig. 3b) . In contrast, the C terminus is cleaved at several positions in the open state ( Fig. 3c , bands indicated by asterisks), but protected from proteolysis in the closed state, consistent with a highly flexible conformation of the C-terminal tail. The observed protection induced by hydrolysable ATP (Fig. 3a, b) is consistent with our structural conclusion that the C-terminal residues become more rigid in the ATP-induced state. These previously unseen movements of the N and C termini in and out of the chaperonin chamber may contribute to chaperonin mediated folding. Notably, the C terminus of Mm-cpn contains a conserved GGM repeat that is also found in bacterial group I chaperonins 28 . It has been suggested that, in GroEL, these regions have a role in the substrate-folding process 28, 29 . Our results provide direct structural evidence for the active involvement of N and C termini in the chaperonin conformational cycle. This 'hand-shaking' structural signature between the N and C termini in one subunit and the stem-loop in the neighbouring subunit may indeed be the key communication between subunits within one ring during ATP hydrolysis (Supplementary Movie 5).
The mode of inter-ring communication in group II chaperonins has remained elusive. Unlike group I chaperonins, where the rings contact in a staggered subunit arrangement 13 , all group II chaperonins have a subunit in one ring directly aligned with another subunit in the trans-ring, leading to fully symmetrical and heterologous contacts ( Supplementary Fig. 5 ). Thus, inter-ring communication must occur directly between each pair of contacting subunits across the rings. Our structural analysis shows that the molecular interactions at the ring-ring interface change markedly between the open and closed states (Fig. 4a ). In the closed state, the N and C termini of adjacent subunits across the ring are in close proximity (Fig. 4a, c (Fig. 4b) . The open state also causes an extensive motion that separates the N and C termini from the subunits across the rings, thereby pushing the termini towards the respective central chambers (Fig. 4a, c and Supplementary Movie 5). Such a conformational switch of the termini also makes them more susceptible to protease digestion in the open state (Fig. 3c ).
This analysis indicates that transition between the open and closed states in group II chaperonins involves a rocking motion that markedly rearranges the inter-ring contacts. This movement differs radically from that observed in group I chaperonins 26 . This difference in interring communication could result from the in-register ring-ring arrangement of group II chaperonins ( Supplementary Fig. 5 ), which allows greater freedom of tilting for the equatorial domains compared to the arrangement in GroEL. The staggered arrangement of inter-ring subunits in group I chaperonins leads to the relative conservation of inter-ring contacts throughout the conformational cycle. This quaternary structural feature in group II chaperonins may compensate for the lack of a lid-like GroES co-chaperonin and allow self-closure of the folding chamber through subunit rocking mediated by equatorial domain rotation.
A major question in understanding nanomachines driven by ATP hydrolysis is how local changes in the nucleotide-binding site are communicated globally throughout the protein. The previous structures of group II chaperonins 15, 17, 24 did not show how ATP hydrolysis affects intra-and inter-ring communication. Our ability to identify how secondary structure elements move in response to ATP hydrolysis allows us to propose how local changes in the nucleotide-binding site can be propagated within and between rings. Our maps clearly indicate that helix L in the intermediate domain tilts in response to ATP hydrolysis (Fig. 4d) . As a result, the distal C-terminal end of helix L moves towards the stem-loop. Concurrently, a concerted movement of contiguous helices L, M and N causes M and N to be farther away from the O9 helix of the subunit across the ring (Fig. 4a, b) . Together, these molecular events produce the forward rocking of the equatorial domain towards the centre of the cavity, which is transmitted through the intermediate domain to the apical domain, thus closing the lid 15 . The effect of ATP hydrolysis on helix L and this stemloop fits with the observation that Asp 386 in helix L and Asp 60 at the end of the stem-loop both contact the c-phosphate mimic AlF x in the closed thermosome crystal structure 4 (Fig. 4d ).
Our single particle cryo-EM analysis of Mm-cpn has shown unprecedented detail of the open and closed states of group II chaperonins. The structural rearrangements observed here are markedly different from those occurring in the well-studied group I chaperonins 26 , indicating that a completely different mechanism of inter-subunit communication drives the folding cycles in group II chaperonins.
METHODS SUMMARY
Wild-type and lidless Mm-cpn were expressed and purified from Escherichia coli 5 . Specimens were prepared for the cryo-EM experiments by rapid freezing using the Vitrobot (FEI). All imaging was done on a JEM3200FSC electron microscope (JEOL) with an in-column energy filter except for the wild-type open state, which was imaged on a JEM2010F electron microscope. All data was recorded with Gatan 4k 3 4k CCD cameras (model no. 895). The particle images were processed using the standard EMAN procedures 30 with D8 symmetry imposed. The resolution of the reconstruction was assessed using the 0.5 Fourier shell correlation criterion. 
